In the present study, we describe a new role of the neuronal nitric oxide synthase (nNOS) gene in the regulation of alcohol drinking behavior. Mice deficient in the nNOS gene (nNOS Ϫ/Ϫ) and wild-type control mice were submitted to a two-bottle free-choice procedure with either water or increasing concentrations of alcohol (2-16%) for 6 weeks. nNOS Ϫ/Ϫ mice did not differ in consumption and preference for low alcohol concentrations from wild-type animals; however, nNOS Ϫ/Ϫ mice consumed sixfold more alcohol from highly concentrated alcohol solutions than wild-type mice. Taste studies with either sucrose or quinine solutions revealed that alcohol intake in nNOS Ϫ/Ϫ and wild-type mice is associated, at least in part, with sweet solution intake but not with the taste of bitterness. When compared with wild-type mice, the nNOS Ϫ/Ϫ mice were found to be less sensitive to the sedative effects of ethanol as measured by shorter recovery time from ethanol-induced sleep and did not develop rapid tolerance to ethanol-induced hypothermia, although plasma ethanol concentrations were not significantly different from those of controls. Our findings contrast with previous reports that showed that nonselective NOS inhibitors decrease alcohol consumption. However, because alcohol consumption was suppressed in wild-type as well as nNOS Ϫ/Ϫ mice by the NOS inhibitor N G -nitro-L-arginine methyl ester, we conclude that the effect of nonselective NOS inhibitors on alcohol drinking is not mediated by nNOS. Other NOS isoforms, most likely in the periphery or other splice variants of the NOS gene, might contribute to the effect of nonselective NOS inhibitors on alcohol drinking. In summary, the nNOS gene is critically involved in the regulation of neurobehavioral effects of alcohol.
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Nitric oxide (NO) is an intracellular and extracellular messenger, which is produced by nitric oxide synthase (NOS). There are three NOS genes encoding the respective isoforms: endothelial (eNOS), inducible (iNOS), and neuronal NOS (nNOS). nNOS is a calcium/calmodulin-dependent enzyme that was first found in neurons (Bredt et al., 1990) . Evidence from previous studies has implicated the nNOS-NO pathway in the modulation of CNSmediated drug effects. Thus, inhibition of NOS has been shown to influence the development of tolerance (Khanna et al., 1993 (Khanna et al., , 1995 Kolesnikov et al., 1993 Kolesnikov et al., , 1997 and sensitization (Itzhak et al., 1998; Itzhak and Martin, 2000) to several drugs of abuse, including alcohol. Beside these findings, two other lines of evidence have prompted us to study the role of the nNOS gene in the regulation of neurobehavioral effects of alcohol:
First, it has been shown that inhibition of NO formation reduces voluntary alcohol consumption in rats. Thus, the administration of either N G -nitro-L-arginine (L-NNA) or N G -nitro-Larginine methyl ester (L-NAME) (both compounds inhibit all isoforms of NOS) attenuated alcohol consumption in two lines of alcohol-preferring rats (Rezvani et al., 1995) , in Sprague Dawley rats selected for high alcohol intake (Calapai et al., 1996) , and in rats that drank alcohol chronically in combination with L-N NA (Lallemand and De Witte, 1997) . Together, these experiments show that inhibition of NOS reduces alcohol self-administration; however, at the moment, it is not clear which isoform of NOS is involved in the action of nonselective NOS inhibitors during alcohol consumption.
Second, numerous studies have shown that the glutamatergic system is involved in the mediation of acute and chronic alcohol effects (Tabakoff and Hoffman, 1996; Tsai and Coyle, 1998) . The glutamatergic system in turn is strongly linked to the NO pathway (Bredt and Snyder, 1994) . Thus, stimulation of glutamatergic NMDA receptors lead to calcium influx, and binding of calcium to calmodulin activates nNOS, which produces NO. Thus, the close link between the glutamatergic-NMDA receptor system and NO production suggests that the nNOS gene is also involved in the modulation of acute and chronic effects of alcohol. This suggestion is further supported by in vitro studies: acute ethanol treatment inhibits NMDA-stimulated NOS activity in cortical neurons (Chandler et al., 1994) , whereas chronic ethanol treatment increases NMDA-stimulated NO formation in this preparation (Chandler et al., 1997) .
These lines of evidence (the effects of nonselective NOS inhib-itors on alcohol drinking and the close association of NMDA receptors and nNOS) have led us to hypothesize that the nNOS gene might be critically involved in the regulation of alcohol drinking behavior. To this end, we studied alcohol drinking behavior in mice deficient in the nNOS␣ isoform (Huang et al., 1993; Huang and Lo, 1998) . We further investigated whether nNOS Ϫ/Ϫ mice and wild-type mice would differ in terms of sedative-hypnotic effects of an acutely administered high dose of ethanol. This experiment was of interest because it has been proposed that initial sensitivity to ethanol can be negatively correlated with subsequent ethanol intake in humans (Schuckit, 1994; Schuckit and Smith, 1996) , as well as in rodents (Thiele et al., 2000) . Another phenomenon that often occurs in the course of chronic alcohol intake is tolerance, and it has been shown that NO formation is involved in the development of tolerance to ethanol (Khanna et al., 1993 (Khanna et al., , 1995 . Therefore, we also studied the induction of rapid tolerance to ethanol in nNOS knock-out mice.
MATERIALS AND METHODS
Animals. Ninety-seven homozygote nNOS knock-out mice and 100 wildtype mice were obtained from our breeding colony at the Otto-vonGuericke University of Magdeburg (Magdeburg, Germany). The foundation stock of these animals was initially established at the Massachusetts General Hospital (Boston, M A). The nNOS gene mutation was generated by homologous recombination (Huang et al., 1993) . The genetic background is on a combination of the 129X1/SvJ and C57BL /6J strains with a predominance of C57BL /6J, because mice were backcrossed for three generations into C57BL /6J and then intercrossed to obtain knock-out mice and wild-type littermates (Azad et al., 2001 ). Further backcrossing was not possible because, after the third generation, almost no offspring were obtained any more.
At the beginning of the experiments, the mice were 2-3 months old. All animals were housed individually in standard (type 2) hanging rodent cages with food and water available ad libitum. Artificial light was provided daily from 6:00 A.M. until 6:00 P.M., and room temperature and humidity were kept constant (temperature, 22 Ϯ 1°C; humidity, 55 Ϯ 5%). The experiments were approved by the Committee on Animal C are and Use of the relevant local governmental body and performed following the German Law on the Protection of Animals.
Drugs. Ethanol-drinking solutions were made up from 96% ethanol diluted with tap water to the different concentrations. For injections, 96% ethanol was diluted with 0.9% saline to a 20% (v/ v) solution. For oral application, 96% ethanol was diluted with water to a 12% (v/ v) solution. Quinine HC l, sucrose, and L-NAM E were obtained from Sigma (Deisenhofen, Germany) and were either diluted with tap water or with 0.9% saline for injections.
Oligonucleotide probes. The following 45-mer synthetic oligonucleotide probes for radioactive in situ hybridization to specific nNOS splice forms were used (for details, see Eliasson et al., 1997; Putzke et al., 2000) : (1) nNOS␣ probe corresponding to residues 99 -143 of exon 2, (2) nNOS␤ probe corresponding to the junction of exons 1a and 3, and (3) nNOS␥ probe corresponding to the junction of exons 1b and 3.
The oligonucleotide probes were 3Ј-labeled (37°C, 5 min) to specific activities of 2 ϫ 10 6 cpm /pmol using terminal deoxynucleotide transferase (EC 2.7.7.31; Boehringer Mannheim, Mannheim, Germany) and [␣- 35 S]dATP (1000 -1500 C i /mmol; DuPont N EN, Dreieich, Germany) according to the protocol of the manufacturer.
In situ hybridization. Four alcohol-naïve nNOS Ϫ/Ϫ and wild-type mice were decapitated; brains were removed and immediately frozen on dry ice. Horizontal slices (14 m) were sectioned on precoated slides, fixed with 4% paraformaldehyde, and stored under alcohol until used. Labeled oligonucleotide probes were then hybridized overnight at 42°C in hybridization buffer (50% formamide, 4ϫ SSC, and 10% dextran sulfate) to the brain sections. Sections were then washed (1ϫ SSC, 30 min, 55°C), dried, and exposed to x-ray film (Amersham Biosciences, Braunschweig, Germany) for 8 weeks and afterward dipped in photoemulsion. This was followed by an exposure for 2 months, developing with D19 (Eastman Kodak, Rochester, N Y), and counterstaining with cresyl violet. Because carbon-14 shows nearly the same activity as sulf ur-35, coexposed [
14 C] microscales (Amersham Biosciences) were used to reveal a log-log linear relationship between radioactivity and optical density. Specificity of hybridization was ascertained by the incubation of parallel sections with buffer containing both labeled and a 100-fold excess of unlabeled probe. These procedures resulted in images indistinguishable from background.
Alcohol self-administration. After 1 week of habituation to the animal room, mice were given continuous access ad libitum to two bottles of tap water for 1 week to study initial side preferences. Then, animals had the free choice between tap water and a 2% (v/v) alcohol solution for 3 d. For days 4 -6, the ethanol concentration was increased to 4%, on days 7-16 it was increased to 8%, on days 17-26 it was increased to 12%, and on days 27-46 it was increased 16%. Spillage and evaporation were minimized by the use of self-made glass cannulas in combination with a small plastic bottle (Techniplast, Milan, Italy) . Under these conditions, ethanol concentration in a given solution stayed constant for at least 1 week, when measured with an alcoholometer (GECO, Gering, Germany). Bottles were weighed daily at 10:00 A.M., and all drinking solutions were renewed every 3 d. For days 1-6, the positions of the two bottles were changed daily, and, for days 7-46, the positions of the two bottles were changed each 3 d to avoid side preferences.
After the measurement of basal alcohol intake, mice received for an additional 2 weeks water and 16% ethanol. Wild-type and knock-out animals, respectively, were then divided into two groups (n ϭ 8 per group), which were matched according their alcohol intake and preference. Animals were injected with either L-NAM E (25 mg / kg, i.p.) or saline for 2 d. Injections were given once per day at 10:00 A.M.
Taste preference tests. Alcohol-naïve and alcohol-experienced mice were used for these tests. A pilot study showed that alcohol selfadministration for 2 months had no influence on subsequent intake of sweet-or bitter-tasting solutions when compared with age-matched alcohol-naïve mice. Therefore, the taste preference tests were performed in alcohol-naïve mice: sucrose (0.5, 2.5, and 5% w/ v) and quinine (0.01 and 0.02 mM) solution intake was measured in a two-bottle free-choice test (sucrose or quinine against water). A test lasted for 6 d, bottles were weighed every 3 d, and the position of the bottles was then changed.
Measurement of loss of righting response. The procedure for measuring the duration of loss of righting response was similar to that described by Harris et al. (1995) . Mice were administered an intraperitoneal injection of ethanol (20% v/ v) at a dose of 2.5 and 4.5 gm / kg body weight. When animals became ataxic, they were placed on their back in a V-shaped paper trough, and the time was recorded until the righting response. Animals were judged to have regained their righting response when they could right themselves three times within 30 sec. The observer was blind to the experimental design.
Hypothermia test and rapid tolerance measurements. Because repeated measurement of rectal temperature always induces changes in core temperature (Spanagel et al., 1996) , which in turn leads to misinterpretation of data, we used an infrared thermometer (Infratherm, Boston, M A) to measure ventral surface temperature. Pilot studies indicated that changes in core body temperature closely correlate to changes in ventral surface temperature measured by the infrared thermometer.
For the measurement of rapid tolerance to ethanol-induced hypothermia, alcohol-naïve nNOS Ϫ/Ϫ and wild-type mice were randomly divided into three separate groups of eight to nine animals. On day 1 at 10:00 A.M., the first two groups received saline, and the remaining group received 3.5 gm / kg ethanol intraperitoneally in their home cage. Eight hours later, the first two groups received saline again, and group 3 received 2 gm / kg ethanol intraperitoneally. On day 2 at 10:00 A.M., basal body temperature was measured for all animals, and then group 1 received saline, and groups 2 and 3 received 3.5 gm / kg ethanol intraperitoneally. After 30 min, the temperature was determined again. A pilot study with C57BL /6J mice was used to determine the optimal injection schedule and dosing for the development of rapid tolerance (Crabbe et al., 1979) . Usually, 30 min after the ethanol injection on day 2, a maximal effect of rapid tolerance occurs.
Blood alcohol determination. Alcohol-naïve wild-type and nNOS Ϫ/Ϫ mice were injected intraperitoneally with 3.5 gm / kg ethanol. Blood alcohol levels were measured by drawing blood samples (25-30 l) from the tip of the tail at various time points after injection (30, 60, 90, 120, and 240 min) . Blood alcohol levels were also determined in some animals during the alcohol self-administration procedure. Blood alcohol content was determined by the nicotinamide adenine dinucleotide phosphate enzyme spectrophotometric method (Sigma).
Statistical anal ysis. In all figures, columns represent arithmetic means, and error bars represent SEM. Significance testing was based on ordinary t statistics for paired and unpaired samples throughout. In all compari-sons relating to parallel groups of animals, we allowed for heteroskedasticity by adjusting the number of degrees of freedom according to the formula of Welch. Occasionally, the test statistics were computed with data obtained from multivariate observations by applying suitable transformations in a preprocessing step. This was the case with the comparison between wild-type and nNOS Ϫ/Ϫmice with respect to speed of elimination of ethanol from blood (see Fig. 7 ). At the intra-individual level, elimination speed was measured by means of ordinary linear regression. Similarly, percentage ethanol intake (see Fig. 4 ) was calculated with respect to individual rather than averaged baseline.
Control of multiple t ype I error risk . For the majority of experiments presented in this paper, statistical analysis entailed the assessment of several (up to 36) p values. In all these cases, the multiple type I error risk was kept below 5% by applying the sequentially rejective procedure of Holm (1979) . Accordingly, any significance statement made in Results refers to an experiment rather than comparisonwise type I error risk bounded by 5%. Of course, this implies that a considerable number of p values Յ 0.05 have to be declared nonsignificant. In cases in which the multiplicity of pairwise comparisons to be performed refers to contrasts between specific cells of a factorial layout, Holm's procedure replaces more traditional techniques, such as so-called post hoc tests presupposing a significant result of a suitable global test for homogeneity.
RESULTS
nNOS splice variant gene expression in the brain of wild-type and nNOS ؊/؊ mice nNOS is subject to alternative splicing. Several transcripts have been described; however, the nNOS␣ variant accounts for most of the catalytic activity in the brain because nNOS␣ Ϫ/Ϫ mice, which were used in the present study, display ϳ95% reduction in Figure 1 . In situ hybridization analysis of nNOS␣, ␤, and ␥ mRNA levels in the ventral striatum in wild-type and knock-out animals. Autoradiographs depicting the in situ hybridization of nNOS splice variant probes ␣ (A, B) , ␤ (C, D), and ␥ (E, F ) in horizontal brain sections in wild-type mice (A, C, E), and NOS␣ Ϫ/Ϫ mice (B, D, F ). Scale bar, 10 mm. nNOS␣ mRNA signals were completely abolished in knock-out mice, whereas nNOS␤ and nNOS␥ mRNA were still detectable. Moreover, nNOS␤ mRNA seems to be slightly increased in nNOS␣ Ϫ/Ϫ animals, especially within striatum ( filled arrow) and cortex (open arrow). CPu, Caudate putamen; FrP, frontoparietal cortex.
NOS catalytic activity (Huang et al., 1993) . Two alternatively spliced variants of nNOS, ␤ and ␥, still persist in the nNOS␣ Ϫ/Ϫ. We compared localization of nNOS␣, ␤, and ␥ variants by in situ hybridization in wild-type and knock-out mice. nNOS␣ mRNA is heterogeneously expressed in the forebrain of wild-type mice, following the distribution pattern that was described previously (Eliasson et al., 1997 , Putzke et al., 2000 , e.g., in the bed nucleus of the stria terminalis, the lateral septum, and hypothalamic regions. Furthermore, a characteristic spot-like distribution pattern was detected in the mesolimbic system, especially within caudate putamen and the anterior cingulate cortex (Fig. 1 A) . nNOS␤ mRNA is coexpressed especially in the caudate putamen, frontoparietal cortex, and hypothalamic areas (Fig. 1C) . Only very low amounts of nNOS␥ mRNA were detected (Fig. 1 E) . nNOS␣ mRNA signals are completely abolished in knock-out mice, whereas nNOS␤ mRNA was still detectable within caudate putamen, as well as the frontoparietal cortex in nNOS␣ knock-out mice ( Fig. 1 B, D) . Moreover, compared with wild-type mice, mRNA levels of nNOS␤ seem to be moderately increased in the dorsal and ventral part of the striatum of knock-out mice (Fig.  1 D) . Like in wild-type animals, only very low abundant nNOS␥ mRNA could be detected within knock-out animals (Fig. 1 F) . nNOS ؊/؊ mice drink more alcohol from highly concentrated alcohol solutions than wild-type mice Mice showed no overall initial side preference when they were offered continuous ad libitum access to two bottles of tap water for 1 week. This initial side preference test ensured that subsequent alcohol preference tests were not influenced by an initial side preference. Figure 2 shows the ethanol intake of nNOS Ϫ/Ϫ and wild-type mice in a two-bottle free-choice procedure with increasing concentrations of ethanol. Although no significant difference in ethanol intake between knock-out and wild-type animals was observed for low ethanol concentrations, marked differences occurred at higher concentrations. Ethanol preference data revealed a similar pattern (data not shown). Statistical analyses revealed significant differences between nNOS Ϫ/Ϫ and wild-type animals for the voluntary intake of 8% ( p ϭ 0.0003), 12% ( p Ͻ 0.0001), and 16% ethanol ( p Ͻ 0.0001). At these concentrations, mean consumption was at least six times as large in nNOS Ϫ/Ϫ as in wild-type mice. The high alcohol intake in nNOS Ϫ/Ϫ mice resulted in pharmacologically meaningful blood alcohol levels (up to 58 mg/dl); however, in wild-type mice, no blood alcohol levels could be determined. Figure 3A shows a concentration-dependent increase in sucrose preference in wild-type and nNOS Ϫ/Ϫ animals. Statistical analysis revealed, however, that this increase was more pronounced in the knock-out mice. At an intermediate concentration of 2.5% sucrose, nNOS Ϫ/Ϫ mice had a significantly (t (26.7) ϭ 3.05; p ϭ 0.0051) higher preference than wild-type animals. No significant difference between the genotypes could be found in the preference for quinine-containing solutions (0.01 mM, t (20.9) ϭ 0.47, p ϭ 0.6404; 0.02 mM, t (17.0) ϭ 0.90, p ϭ 0.3812). Thus, nNOS Ϫ/Ϫ and wild-type animals showed a similar concentration-dependent aversion to quinine (Fig. 3B) . Figure 2 . Acquisition of alcohol self-administration in nNOS knock-out and wild-type mice. Mice had the free choice between tap water and a 2% (v/v) alcohol solution for 3 d. For days 4 -6, the ethanol concentration was increased to 4%, for days 7-16 it was increased to 8%, for days 16 -25 it was increased to 12%, and for days 25-44 it was increased to 16%. Bars show mean ϩ SEM ethanol intake per day in grams per kilogram body weight. *p Ͻ 0.05 indicates a significant difference between wild-type and nNOS Ϫ/Ϫ mice in ethanol consumption per day. Figure 3 . A, Sucrose preference in nNOS knock-out and wild-type mice. B, Quinine aversion in nNOS knock-out and wild-type mice. Sucrose (0.5, 2.5, and 5% w/v) and quinine (0.01 and 0.02 mM) solution intake was measured in a two-bottle free-choice test in alcohol-naïve mice. Bars show mean Ϯ SE sucrose or quinine preference. *p Ͻ 0.05 indicates a significant difference between wild-type and nNOS knock-out mice.
In an additional experiment, the effect of the NOS inhibitor L-NAM E on alcohol intake in wild-type mice and nNOS Ϫ/Ϫ mice was measured. L-NAM E treatment for 2 d significantly decreased alcohol intake by Ͼ40% in the knock-out group (1 d, t (10.4) ϭ 4.42, p ϭ 0.0012; 2 d, t (10.1) ϭ 4.99, p ϭ 0.0005; 3 d, t (9.25) ϭ 3.49, p ϭ 0.065). Similar effects were seen in wild-type animals; thus, the effect of L-NAM E was significant at the multiple 5% level at day 1 and day 2 of L-NAM E treatment (t (11.2) ϭ 3.42, p ϭ 0.0056; 2 d, t (10.4) ϭ 2.48, p ϭ 0.0317; 3 d, t (10.8) ϭ 1.98, p ϭ 0.0738) (Fig. 4) .
nNOS ؊/؊ mice are less sensitive to alcohol and do not develop tolerance
It has been shown in humans as well as animals, including mice, that high levels of alcohol drinking are often associated with resistance to the physiological effects of this drug (Schuckit, 1994; Schuckit and Smith, 1996; Thiele et al., 2000) . Because nNOS knock-out mice consumed much more alcohol than wild-type mice, we hypothesized that nNOS Ϫ/Ϫ mice should be less sensitive to the sedative and hypnotic effects of high ethanol doses. Indeed, at both doses (2.5 and 4.5 gm/kg) tested, nNOSϪ/Ϫ mice regained their righting reflex significantly sooner than wild-type mice (2.5 gm/kg, t (23.6) ϭ 3.76, p ϭ 0.0010; 4.5 gm/kg, t (16.4) ϭ 4.44, p ϭ 0.0004) (Fig. 5) .
For studying tolerance, we used a sensitive quantifiable method that could detect rapid changes in ethanol effects. We examined the hypothermic effect of peripherally administered ethanol and the rapid development of tolerance to this effect (Crabbe et al., 1979) . Acute ethanol injection (3.5 gm/kg, i.p.) produced a significant decrease in body temperature in wild-type (t (8) ϭ 5.00; p ϭ 0.0010) and nNOS Ϫ/Ϫ (t (8) ϭ 3.45; p ϭ 0.0087) animals 30 min after injection (Fig. 6 A, B) . A comparable decrease in body temperature was not observed in wild-type mice 24 hr later when a second ethanol injection (3.5 gm/kg, i.p.) was given (t (8) ϭ 1.12; p ϭ .2956), indicating the development of rapid tolerance. However, in nNOS Ϫ/Ϫ mice, a strong decrease in body temperature after the second ethanol injection still occurred (t (8) ϭ 3.51; p ϭ 0.0080), indicating resistance to the development of tolerance in the knock-out animals ( Fig. 6 A, B) .
To rule out the possibility that differences in alcohol consumption, sensitivity, and tolerance between nNOS Ϫ/Ϫ and wild-type mice underlies increased ethanol metabolism, we tested blood alcohol elimination after the injection of a high dose of ethanol (3.5 gm/kg, i.p.) (Fig. 7) . Blood alcohol levels reached a maximum after 30 min after injection (ϳ300 mg/dl). Speed of elimination of this maximum concentration was measured in each animal by fitting a linear regression line and determining its slope. Comparing both groups of animals with respect to elimination speed defined in this way gave no significant difference in mean (t (7.53) ϭ 1.12; p ϭ 0.344). Furthermore, the elimination rates did not differ between the genotypes (nNOSϪ/Ϫ, 0.58 Ϯ 0.05 mg of ethanol per milliliter of blood per hour; wild-type, 0.55 Ϯ 0.04 mg of ethanol per milliliter of blood per hour).
DISCUSSION

Alcohol drinking in nNOS ؊/؊ mice
We studied voluntary alcohol consumption in nNOS knock-out mice. Alcohol intake and preference in nNOS Ϫ/Ϫ mice did not differ from that in wild-type animals at low ethanol concentrations (2-4%); however, a pronounced difference was found at higher ethanol concentrations (8 -16%). Thus, nNOS Ϫ/Ϫ mice consumed approximately sixfold more alcohol than wild-type Figure 4 . Alcohol intake in wild-type ( A) and nNOS knock-out ( B) mice after treatment with the NOS inhibitor L-NAM E. Because basal alcohol intake differed between both genotypes, all values were normalized and are now given as percentage. L-NAM E was injected at days 1 and 2 (indicated by 1), and bars represent the difference in alcohol intake ϩ SE compared with the basal intake (indicated by B). *p Ͻ 0.05 indicates a significant difference from basal intake. Figure 5 . Sensitivity to the hypnotic effect of ethanol assessed by the measurement of loss of righting response (LORR) in wild-type and nNOS Ϫ/Ϫ mice. Ethanol (2.5 and 4.5 gm/kg, i.p.) was injected, and the time to regain the righting effect was measured. Each value is the mean ϩ SE. *p Ͻ 0.05 indicates a significant difference from wild-type mice.
mice, and some knock-out mice reached pharmacologically meaningful blood alcohol levels (up to 58 mg/dl). Although these data show that loss of a functional nNOS gene results in increased alcohol intake, it should be mentioned that the wild-type animals, which had a predominant C57BL/6J background, had a very low alcohol intake, which resulted in no meaningful blood alcohol levels. It is very likely that a gene-environment effect as described by Crabbe et al. (1999) had contributed to this unusual low alcohol intake in the wild-type animals.
In rodents, alcohol intake is partially dependent on its flavor. Thus, alcohol taste has a sweet-bitter component, and the proclivity to drink alcohol is associated with elevated sweet preferences and/or lower aversion to a bitter taste. This has been shown previously in C57BL/6J mice compared with 129/J mice: the higher alcohol intake by C57BL/6J mice depends, in part, on higher hedonic attractiveness of its sweet taste component (Bachmanov et al., 1996) . C57BL/6J mice have an additional tendency to avoid bitter quinine less than do 129 mice (Bachmanov et al., 1996) . Different concentrated sucrose solutions were offered in a free-choice paradigm before and after alcohol self-administration to our animals. nNOS Ϫ/Ϫ mice showed a higher sucrose preference than wild-type mice, especially at an intermediate sucrose concentration. Other taste differences could not be observed; there was a clear taste aversion for bitter-tasting quinine solutions in nNOS Ϫ/Ϫ mice, as well as wild-type mice. In other species, an association of preference for sweet-tasting solutions and preference for alcohol was also demonstrated. Alcohol-preferring rats show higher sweet solution intake than alcohol nonpreferring rats (Stewart et al., 1994) , and, in a clinical study, Kampov-Polevoy et al. (1997) demonstrated that a majority (Ͼ80%) of their alcoholic patients were sweet likers, i.e., preferred high sucrose concentrations. However, it is unlikely that nNOS Ϫ/Ϫ mice consumed more alcohol than wild types because they are sweet likers, because initial alcohol preference at lower concentrated ethanol solutions did not differ between nNOS Ϫ/Ϫ mice and wild-type mice despite the fact that ethanol solutions up to a concentration of 6% are usually preferred by rodents, probably because of their sweet-like taste component (Li et al., 2001 ).
The present findings in nNOSϪ/Ϫ mice on alcohol intake and preference are in stark contrast to drinking data obtained in pharmacological studies using nonselective NOS inhibitors. Administration of either L-N NA or L-NAM E compounds, which inhibit all isoforms of NOS, attenuated alcohol consumption in two lines of alcohol-preferring rats (Rezvani et al., 1995) , in Sprague Dawley rats selected for high alcohol intake (Calapai et al., 1996) , and in rats that drank chronically alcohol in combination with L-N NA (Lallemand and De Witte, 1997) . On the other hand, a knock-out of the nNOS gene leads to a marked enhancement of alcohol consumption. How can this discrepancy be explained? Interestingly, we found that repeated L-NAM E injections significantly reduced alcohol intake and preference in wild-type mice, as well as nNOS Ϫ/Ϫ mice. From these experiments, we have to conclude that the effects of nonselective NOS inhibitors on alcohol intake are not solely mediated by nNOS. Several splice variants of the nNOS gene exist, and, in the nNOS Ϫ/Ϫ mice, the ␣ variant, which accounts for the great majority of catalytic activity in the brain (Huang et al., 1993) , is completely absent. Our in situ hybridization data, however, show that nNOS␤ and ␥ splice variants are still present in knock-out animals, and nNOS␤ is even slightly increased, in particular within striatal and cortical tissue, which is in accordance with a previous study (Eliasson et al., 1997) . Although it is assumed that the ␤ and ␥ splice variants of the nNOS gene are also blocked by nonselective NOS inhibitors, it is not clear whether inhibition of this small rest activity of the nNOS␤ and ␥ variants can account for the reduction in alcohol consumption after treatment with NOS inhibitors in the knock-out mice. Alternatively, inhibition of the eNOS and/or iNOS isoforms, which are also targets of nonselective NOS inhibitors, could contribute to the alcohol suppressant effect of these compounds. Furthermore, it might well be that the effect of NOS inhibitors on alcohol consumption is mainly mediated via the periphery because NO is a potent vasodilator and NOS inhibitors can drastically influence blood pressure (Ribeiro et al., 1992) , which in turn can influence the pharmacokinetic properties for ethanol (Vassiljev et al., 1998) . Thus, it is possible that the reduction seen in alcohol intake after NOS blockade is attributable to these unspecific effects of NOS inhibitors. This suggestion is further supported by our observation that, at the onset of the L-NAM E treatment, nonspecific effects such as sedation, reduction in total fluid intake, and food consumption were observed. Our observations are in line with previous reports showing that intake of water is modulated by NO (Calapai et al., 1992) and that food consumption can be reduced by blocking NO formation with antagonists of NOS (Morley and Flood, 1991; Squadrito et al., 1993) .
Alcohol sensitivity and tolerance in nNOS ؊/؊ mice
In another line of experiments, we investigated whether nNOS Ϫ/Ϫ mice and wild-type mice would differ in terms of sedative-hypnotic effects of an acutely administered high dose of ethanol. This study was of interest because clinical research has proposed that initial sensitivity to ethanol may be negatively correlated with subsequent ethanol intake (Schuckit, 1994; Schuckit and Smith, 1996) . In mice, such a correlation has also been found, e.g., in protein kinase A mutant mice high alcohol intake was associated with low sensitivity to ethanol-induced sedation (Thiele et al., 2000) . Our studies on loss of righting reflex showed that nNOS Ϫ/Ϫ mice regained their righting reflex much faster than wild-type mice. Thus, nNOS Ϫ/Ϫ mice are less sensitive to intoxicating blood alcohol levels and drink subsequently more alcohol than wild-type mice. Again, these findings are in contrast to a previous study showing that pretreatment with L-NAM E delayed the onset of ethanol-induced loss of righting reflex and increased the duration of the loss of righting reflex (Adams et al., 1994) . However, in this study, a very high dose range of L-NAM E (30 -100 mg/kg, s.c.) was used, which might have produced unspecific effects as observed in our drinking studies.
In addition, we studied the development of rapid tolerance to the hypothermic effect of ethanol. It has been demonstrated that tolerance to the hypothermic effect of a single ethanol injection during administration of an equivalent dose 24 hr later occurs in mice (Crabbe et al., 1979) . Interestingly, nNOS Ϫ/Ϫ mice did not develop rapid tolerance to ethanol-induced hypothermia, which is in line with a previous report showing that the NOS inhibitor L-nitroarginine blocked the development of rapid tolerance to the motor incoordinating effect of ethanol (Khanna et al., 1995) . It is possible that the nNOS Ϫ/Ϫ mice showed high ethanol intake, less sensitivity to the sedative-hypnotic effects of ethanol, and no rapid tolerance to ethanol because of an increased rate of alcohol metabolism. However, this seems unlikely, because the nNOS Ϫ/Ϫ mice and wild-type mice did not differ in plasma ethanol concentrations during the whole time course of 4 hr after acute ethanol injection.
In summary, we showed that nNOS is involved in the regulation of several neurobehavioral effects of alcohol, including alcohol sensitivity, tolerance, and reinforcement. In particular, alterations in the nNOS gene can lead to changes in alcohol drinking behavior. Thus, nNOS knock-out mice have a much higher voluntary alcohol intake than wild-type mice. On the other hand, these knock-out animals are less sensitive to the sedative hypnotic effects of a high ethanol dose, which might promote high alcohol intake. However, it should be emphasized that the conclusions of behavioral alcohol studies with mouse mutants are limited to the specific genetic background used and that environmental factors can also influence the behavioral phenotype. With this limitations in mind, we suggest that alterations in the nNOS gene may constitute a genetic risk factor for the vulnerability of high voluntary alcohol intake and subsequent alcohol dependence. Our study further suggests that the selective pharmacological targeting of the nNOS gene or its product may not lead to a promising intervention strategy of alcohol abuse.
